Tractable human tissue-engineered 3D models of cancer that enable fine control of tumor growth, metabolism, and reciprocal interactions between different cell types in the tumor microenvironment promise to accelerate cancer research and pharmacologic testing. Progress to date mostly reflects the use of immortalized cancer cell lines, and progression to primary patient-derived tumor cells is needed to realize the full potential of these platforms. For the first time, we report endothelial sprouting induced by primary patient tumor cells in a 3D microfluidic system. Specifically, we have combined primary human clear cell renal cell carcinoma (ccRCC) cells from six independent donors with human endothelial cells in a vascularized, flow-directed, 3D culture system ("ccRCC-on-a-chip"). The upregulation of key angiogenic factors in primary human ccRCC cells, which exhibited unique patterns of donor variation, was further enhanced when they were cultured in 3D clusters. When embedded in the matrix surrounding engineered human vessels, these ccRCC tumor clusters drove potent endothelial cell sprouting under continuous flow, thus recapitulating the critical angiogenic signaling axis between human ccRCC cells and endothelial cells. Importantly, this phenotype was driven by a primary tumor cell-derived biochemical gradient of angiogenic growth factor accumulation that was subject to pharmacological blockade. Our novel 3D system represents a vascularized tumor model that is easy to image and quantify and is fully tunable in terms of input cells, perfusate, and matrices. We envision that this ccRCC-on-a-chip will be valuable for mechanistic studies, for studying tumor-vascular cell interactions, and for developing novel and personalized antitumor therapies. Neoplasia (2018) 20, 610-620 inactivating mutations in the VHL tumor suppressor gene, which lead
Introduction
Cancer of the kidney and renal pelvis is the eighth most common malignancy in the United States, with a 5-year survival of less than 12% when diagnosed as metastatic disease [1] . Approximately 85% to 90% of kidney cancers are derived from the proximal tubular epithelial cells of the renal cortex and are classified as renal cell carcinoma (RCC) [2, 3] . Of these, RCC of the clear cell type (ccRCC) accounts for approximately 75% of cases. Most sporadic ccRCCs in humans carry to constitutive stabilization of the hypoxia inducible transcription factors HIF-1α and HIF-2α [4, 5] . These transcription factors in turn activate a canonical cellular response which includes metabolic reprogramming towards aerobic glycolysis and secretion of numerous factors, including VEGFA, that promote angiogenesis [6, 7] . If caught at an early stage, ccRCC is potentially curable, whereas advanced disease remains difficult to treat. Therapy relies in part on inhibition of the potent VEGFA-driven angiogenic signaling axis, but the development of resistance is common, owing in part to the upregulation of alternate angiogenic factors [8] [9] [10] . While there is a need to identify more effective therapeutic strategies, current research tools to study ccRCC have limitations, and patient-specific human models are needed to develop precision therapies.
Most kidney cancer research to date has utilized primary cultures or long-standing tumor cell lines grown in 2D monolayers, or animal tumor models. The major drawback of conventional 2D tumor cultures in vitro is the failure to maintain the primary tumor phenotype and complexity over time [11] . A recent study created primary human ccRCC 3D organoids within decellularized renal extracellular matrix or synthetic polysaccharide scaffolds and demonstrated that the tumor cells sustained the original tumor immunohistochemical and gene expression features longer than conventional 2D monolayer cultures [12] . However, this system did not incorporate endothelial cells or study the effects of directional flow/perfusion on tumor phenotypes.
Though rodent models have much improved our understanding of ccRCC, they still fail to completely capture key features of the human disease. For example, patients with von Hippel-Lindau disease inherit one defective copy of the VHL gene and develop ccRCC at very high rates following sporadic inactivation of the remaining allele in kidney tubular epithelial cells [13] . In contrast, the Vhl-null mouse develops tubular hyperplasia but not frank carcinoma [14] [15] [16] . Mice transgenic for a constitutively active form of HIF-1α appear to develop cystic ccRCC in situ but only at low frequency [17] . In fact, only after inactivation of the tumor suppressor genes Trp53 and Rb together with Vhl do mice spontaneously develop ccRCC [18] . Even with the long latency associated with spontaneous tumor development in these systems, spontaneous animal ccRCC tumor models still do not capture the complete molecular and phenotypic complexity of the human disease.
Recent studies using primary ccRCC xenografts ("tumorgrafts") in mice [19] [20] [21] or on chicken chorioallantoic membranes [22] have permitted the examination of patient-to-patient variability in drug sensitivity. However, the use of mice for serial transplantation of xenografts is expensive, time consuming, and labor intensive. Furthermore, not all patients' tumors will engraft successfully into mice [20, 21] . Lastly, it is difficult to mechanistically dissect human-specific tumor-vascular and other cell-cell reciprocal interactions in these xenograft systems.
Thus, 3D tissue-engineered, patient-specific culture systems that efficiently recapitulate the in vivo tumor phenotype would overcome many of these challenges and provide a tractable tool for mechanistic and pharmacological studies. In this regard, the well-defined cell types in the ccRCC microenvironment (tumor, vascular endothelium, and circulating immune cells) and the typical lack of a prominent stromal response make this an ideal tumor type for modeling in microphysiological culture systems. Here, we aimed to reconstruct the 3D vascular microenvironment of ccRCC by incorporating primary tumor cell clusters into the matrix surrounding engineered human vessels subjected to continuous flow. We have previously used this framework to develop a microphysiological system for studies of human renal proximal tubule function [23] . We demonstrate that this platform reproduces the ability of ccRCC to stimulate angiogenic sprouting and provides a basis for studies of pharmacological blockade. We envision that this approach will also prove useful for studying tumor-endothelial cell interactions, testing the efficacy of novel antitumor agents on a patient-specific basis, and exploring the mechanisms of transformation.
Materials and Methods
Unless otherwise stated, all media and reagents were purchased from Thermo Fisher Scientific (Waltham, MA).
Primary Culture of ccRCC and Normal-Adjacent Renal Cortex
The research protocol to access tumor and normal-adjacent tissue from patients undergoing nephrectomies for renal masses at the University of Washington Medical Center was approved by the Institutional Review Board (File 44773). Informed consent to use leftover tissue was obtained. A final pathologist's diagnosis of ccRCC was confirmed for all cases included in this study ( Supplementary Table S1 ). Tissues were procured by NWBioTrust (Seattle, WA) immediately following surgery in HBSS containing penicillin-streptomycin and stored at 4°C prior to transfer and processing within 24 hours. Tissues were minced to a slurry with a sterile blade and disrupted in RPMI containing 0.2 mg/ml Liberase-Thermolysin and 100 U/ml DNase I (Roche, Mannheim, Germany) with shaking at 37°C for 30 minutes and vortexing every 10 minutes. Digests were stopped with RPMI and 10% heat-inactivated FBS; strained through a 40-μm strainer; diluted with an equal volume of Dulbecco's PBS (Corning Life Sciences, Tewksbury, MA); collected at 370×g for 3 minutes; resuspended in primary culture media consisting of RPMI, 10% heat-inactivated FBS, 1× antibiotic-antimycotic supplemented with insulin, transferrin, sodium selenite, BSA, and linoleic acid (ITS+ media supplement, Sigma Aldrich, St. Louis, MO); and cultured at 37°C 5% CO 2 . Initial PBS wash and media change were performed within 1 to 2 days and thereafter every 3 to 4 days.
Gene Expression
Gene expression values from RNA sequencing data from primary ccRCC and normal renal cortex tissues were obtained from The Cancer Genome Atlas expression browser [24] . For real-time gene expression assays, RNA was extracted using RNeasy Plus kits (Qiagen, Valencia, CA). The cDNA was synthesized using random hexamers and the Superscript III First-Strand Synthesis Kit and was used to seed real-time SYBR Green or Taqman PCR reactions for each gene ( Supplementary Table S2 ) using standard cycling conditions for the Applied Biosystems 7900HT thermocycler. The presence of a single peak in the dissociation curve analysis was confirmed for all SYBR Green assays. Cycle threshold (Ct) values were determined using the Applied Biosystems Sequence Detection Software. All qPCRs were performed in triplicate except for those with samples H24 and H25, which were performed in duplicate. The coefficient of variance of the mean Ct values for all assays was less than 2.5%. Relative quantification was calculated as 2 -delta Ct , where delta Ct values were obtained by subtracting the control gene mean Ct value from the target gene mean Ct value using the control gene HMBS, which was previously shown to be stable in comparisons of primary RCC and normal kidney tissues [25] .
Luminex Assays
Media was harvested from 24-hour adherent cultures of ccRCC or normal-adjacent renal cortex and centrifuged at 900×g for 3 minutes at 4°C to remove cells and debris. Supernatants were assayed for levels of secreted ANGPTL4 using a Luminex bead-based multiplex assay (R&D Systems, Minneapolis, MN), a Luminex 200 instrument (Luminex Corporation, Austin, TX), and BioPlex version 5.0 software (Bio-Rad Laboratories, Hercules, CA). Values were normalized for differences in cell number based on RNA yields determined by quantitative RT-PCR for the endogenous control gene HMBS.
Transwell Migration Assays
ccRCC and normal-adjacent renal cortex cells were seeded in 24-well plates in 750 μl endothelial basal medium (cat. no. CC-3121, Lonza, Walkersville, MD) containing 0.1% BSA and incubated for 6 hours at 37°C. HUVEC-2 cells (Corning Life Sciences) were cultured in endothelial growth medium (EGM, cat no. CC-4133, Lonza), washed three times with PBS, harvested using enzyme-free cell dissociation buffer, and added as 2×10 5 cells/mL in 0.25 ml endothelial basal medium and 0.1% BSA to the top chambers of 3-μm pore size, fibronectin-coated BioCoat Fluoroblok cell culture inserts (Corning Life Sciences). After 16 hours, inserts were removed, dipped in HBSS to remove media, and stained with 5 μg/ml calcein AM (Corning Life Sciences) in HBSS for 90 minutes at 37°C. Inserts were then transferred to another plate with fresh HBSS, and bottom fluorescence intensity measurements were obtained at excitation/emission 485/535 nm (peak calcein excitation/emission = 494/517 nm) using a 2014 Envision plate reader (Perkin Elmer, Waltham, MA).
ccRCC-Induced Sprouting in Microphysiological Devices
ccRCC and normal-adjacent renal cortex cells were aggregated into clusters overnight in 40-μl hanging drops with 80% primary cell media diluted in RPMI containing methylcellulose (0.24% final concentration). Each drop contained 400 cells for all samples except B44 tumor and B46 tumor, which contained 500 cells. Clusters were harvested, washed with PBS, resuspended gently with trimmed P-200 tips in 30 μl of EGM, and mixed gently at 2000 clusters/ml in a collagen I solution prepared following a standard protocol [26] . Briefly, a type I collagen solution was prepared by incubating rat tail tendons in 0.1% acetic acid, cleared by centrifugation, lyophilized, and resuspended in 0.1% acetic acid with agitation at a stock concentration of 15 mg/ml. This solution was further diluted on ice to 6 mg/ml in EGM and 1× M199 media and neutralized by adding drops of 1 M NaOH immediately prior to resuspending clusters. Single-channel Nortis microphysiological devices (model SCC-001, Nortis, Woodinville, WA) were washed with 100% ethanol, dried, and chilled at 4°C. For each device, approximately 150 μl of this solution was injected using a chilled 1-ml syringe and 18-gauge blunt needle until the extracellular matrix chamber was filled without bubbles. The matrix valves were sealed, and collagen was polymerized for 20 minutes at 4°C, 1 hour at room temperature, and 3 hours in a humidified 37°C incubator prior to extracting mandrel rods (polyimide-coated fused silica fibers) to form lumens. Preflow was initiated through the lumens with a syringe pump using EGM at 3 μl/min for 30 minutes. A single cell suspension of HUVEC-2 cells (passed through a 40-μm cell strainer) in EGM was then injected with a Hamilton syringe as 2.5 μl at 10 7 cells/ml into the lumens and allowed to adhere for 15 minutes at 37°C prior to initiating directional flow at 0.5 μl/min for 5 days with fresh media supplied at day 3. Flow was performed with EGM in all experiments with the exception of B58 tumor, which also contained 0.05% dimethyl sulfoxide. For VEGF inhibition experiments, 200 ng/ml soluble recombinant human VEGFR2-Fc chimera (cat. no. 357-KD-050, R&D Systems) or a vehicle control (0.0002% BSA) was included.
Extraction of ccRCC Cells from Collagen Gels
ccRCC clusters were resuspended in 6 mg/ml collagen I at 2000 clusters/ml as described above. After incubation of the collagen gels at 37°C for 24 hours in EGM, they were minced with a blade and digested with RPMI containing 0.2 mg/ml Liberase-Thermolysin and 100 U/ml DNase I with shaking at 37°C for 30 minutes and vortexing every 10 minutes. Digests were stopped with cold RPMI and 10% heat-inactivated FBS, and cells were collected at 2400×g for 3 minutes at 4°C and snap-frozen in liquid nitrogen prior to RNA extraction.
Immunofluorescence, Confocal Microscopy, and Quantification of Sprouting
Devices were fixed with 4% formaldehyde in PBS for 60 minutes at 2 μl/min and permeabilized and blocked with 5% BSA and 0.1% Triton X-100 in PBS for 120 minutes at 20 μl/min. A primary rabbit anti-CD31 antibody in 2% BSA and PBS (1:100, cat. no. ab28364, Abcam, Cambridge, MA) was perfused for 35 minutes at 10 μl/min, and then devices were incubated with the valves closed overnight followed by washing with PBS for 120 minutes at 20 μl/min. The following fluorescent probes were then added to 2% BSA and PBS and perfused for 55 minutes at 10 μl/min followed by washing as above: EPCAM-PE (1:50, cat. no. 130-091-253, Miltenyi Biotec, Auburn, CA); goat anti-rabbit-488, (1:150, cat. no. A11008); Phalloidin-647 (1:100, cat. no. A22287), and 33 μg/ml Hoechst 33342. Confocal imaging was performed using a Nikon A1R microscope (Nikon Instruments, Melville, NY). The method for manual quantification of sprouting frequency in confocal z-stacks was adapted with modification from Nagao et al. [27] . Specifically, confocal z-stack volume projections were generated using Nikon Elements software, and the number of 50×50×400-μm regions lateral to the central vessel that contained at least one CD31 + sprout originating from the vessel wall were counted. Sprouting in chips containing cell clusters is presented relative to the amount of sprouting observed in collagen-only chips. Confocal images were processed using Fiji software [28] . Surface rendering and movies were constructed using Imaris software (Bitplane, Zurich, Switzerland).
COMSOL Modeling
The concentration field of growth factors secreted from the tumor clusters was simulated with COMSOL Multiphysics software, package version 5.0 [29] , in 3D matrices around the vessel tubes. The outer boundary of the gel, the thickness of the gel, and the relative location of vessels in the gel were selected based on the manufacturer's specifications for the Nortis model SCC-001 single-channel chip. The predefined Navier-Stokes and diffusion-reaction equations in COMSOL were used for fluid flow and growth factor concentration in the tube and interstitial space. The stationary solver for laminar flow was chosen for the Navier-Stokes equation. The fluid properties were defined as viscosity of 1×10 −3 Pa⋅s and density of 1×10 3 kg/m 3 for water. The inlet boundary conditions were laminar flow with constant flow of 0.5 μl/ min with vessel tube diameter of 0.125 mm, and the outlet boundary conditions were laminar flow with zero pressure. The secretion rate of tumor cells in the matrix was estimated to be 5×10 −4 mol/m 3 ⋅s [30, 31] .
Statistics
For RNA sequencing data from TCGA, the differences in gene expression values between tumor and normal samples were evaluated using a two-tailed t test. For sprouting and quantitative RT-PCR assays, within each patient, differences in sprouting quantification or gene expression values between tumor and normal, or 2D and 3D, or vehicle and VEGFR2-Fc were calculated after log transforming the data. The mean of these differences across patients was computed, and the null hypothesis that the mean difference is equal to zero was tested using a one-sample, two-tailed t test.
Results

Angiogenic Factors are Upregulated in Primary Cultures of Human ccRCC
The typical histopathological features of ccRCC and normal-adjacent renal cortex are shown in Figure 1 , A and B. Tumor sections were characterized by nests of epithelial cells with a clear cytoplasm and distinct cell membrane surrounded by extensive vascular networks. Overall, primary cultures established from normal-adjacent renal cortex proliferated much more rapidly (doubling time of 1-2 days) than their tumor cell counterparts, which either were static or required weeks for limited expansion in 2D monolayer cultures, as shown previously [12] . In total, we studied 11 primary cultures of ccRCC that were devoid of contaminating colonies of normal renal cortex cells (Figure 1, C and D) . The ccRCC phenotype of tumor cells in these cultures compared to separate cultures of normal-adjacent renal cortex performed in parallel was confirmed by the upregulation of the renal cell carcinoma antigen, CA9, as well as the angiogenic genes ANGPTL4, PGF, and VEGFA, which are frequently upregulated in ccRCC specimens in The Cancer Genome Atlas database ( Figure 1E) , with donor-to-donor variation ( Figure 1F) . Likewise, at the protein level, ANGPTL4 was observed at higher concentrations in supernatants derived from the ccRCC cultures ( Figure 1G ). As a first step to studying primary tumor-endothelial cell interactions, we tested whether primary ccRCC cells could induce migration of HUVECs in a conventional 3-μm Transwell migration assay. While there was minimal HUVEC migration through the Transwell pores in the absence of a chemotactic stimulant (serum), both tumor and normal cell 2D monolayers induced similar levels of migration regardless of variation in cell seeding density (Figure 2) . We next developed a novel assay system evaluating not only migration but also extracellular matrix invasion and sprouting in a novel 3D culture platform.
Primary ccRCC But Not Normal-Adjacent Renal Cortex Induces HUVEC Sprouting in a Flow-Directed 3D Microphysiological System
There is increasing interest in developing 3D tumor models that more closely replicate the in vivo tumor phenotype than conventional 2D monolayers [32] [33] [34] .To incorporate primary ccRCC cells into 3D structures, we formed tumor clusters and resuspended them in type I collagen. Consistent with the prior ccRCC-only organoid study [12] , we observed that the expression of key ccRCC markers was increased at the mRNA level even within 24 hours of tumor cell placement in 3D clusters compared to 2D monolayer cultures (Figure 3) . To incorporate the tumor clusters into a 3D microphysiological system, we used a tissue chip from Nortis, Inc. (Woodinville, WA), which we have previously utilized successfully to study 3D tubular epithelial cell physiology and pharmacology [23] . A previous study demonstrated the utility of this system for modeling various types of human vasculature that displayed many features of in vivo vasculature including the deposition of basement membrane proteins, cell-cell junction formation, sprouting angiogenesis, paracellular permeability, and cell migration across vascular barriers [35] . Key features include a controlled rate of directional media flow through a cell-lined cylindrical lumen surrounded by a customizable extracellular matrix within a sealed system. Seeding the chips consisted of 1) infusing collagen with embedded clusters into the matrix channel and allowing the collagen to polymerize; 2) removing a retaining rod from the collagen to form a lumen and infusing the lumen with HUVECs; and 3) establishing directional fluid flow of medium through the hollow endothelial cell-lined lumen (Figure 4) . The entire length of the endothelial-lined engineered vessel can be imaged, including the inlet, middle, and outlet regions. Tumor clusters in collagen from 4 independent donors were successfully delivered to 15 chips that were subsequently seeded with HUVECs in the central lumen of the chip in 6 independent experiments. As controls, we also injected 18 chips with collagen only and 8 chips with collagen containing clusters of normal-adjacent renal cortex cells. Since the matrix surrounding the central lumen is transparent, standard immunofluorescent staining and confocal microscopy were performed for select devices in each condition after 5 days of flow, and representative images are shown in Figure 5 , A-F. HUVECs in devices containing only collagen formed vessel walls with cell-cell junctions but exhibited minimal sprouting ( Figure 5A ), and cell loss from the lumen frequently resulted in atrophy of the vascular tube near the outlet ( Figure 5B) . Similarly, when stabilized in the presence of clusters formed from normal-adjacent renal cortex, endothelial sprouting remained minimal ( Figure 5, C and D) . In contrast, robust endothelial sprouting was observed in all devices containing tumor cells from all patients examined (Figure5, E-H). Unlike the collagen-only chips, no atrophy of the vessels was observed, suggesting that factors produced by the cell clusters may counteract endothelial cell loss. Inclusion of the solvent dimethyl sulfoxide at 0.05%, a concentration compatible with drug studies (i.e., as a vehicle-only control), did not compromise the ability of HUVEC to sprout in response to ccRCC ( Figure 5F ). Sprouting was characterized by maintenance of the central lumen, and no retraction was observed after as many as 7 days of culture ( Figure 5G and Supplementary Movie S1). Thus, this customizable culture chip system rapidly recapitulates the ability of ccRCC to stimulate angiogenic sprouting in a format that is simple to detect, image, and quantify.
Tumor-Induced Endothelial Sprouting at the Outlet Region of the ccRCC-on-a-Chip is Consistent with a Biochemical Gradient Model of Angiogenic Growth Factor Accumulation
The use of tumor clusters provided the opportunity to assess if sprouting occurred directionally towards these point sources or uniformly throughout the matrix region. Despite the uniform distribution of tumor clusters throughout the entire extracellular matrix collagen surrounding the vessel, prominent endothelial sprouting occurred primarily at the outlet region in all tumor-containing devices. This was apparent both in bright-field ( Figure 6A ) and immunofluorescence images ( Figure 6B ) from chips containing clusters derived from all patient-derived primary ccRCC cultures. Endothelial sprouts tapered off in length going from the outlet to the middle region and were rarely observed at the inlet region. Close examination of regions where tumor clusters were in close proximity to the HUVEC lumen confirmed that sprouting was uniform in all directions at the outlet and not just limited to directional migration towards the clusters ( Figure 6C ). Computational simulation modeling [29] of laminar flow in permeable endothelial channels coupled with a diffusion reaction of growth factors produced by clusters in the bulk matrix predicted angiogenic growth factor accumulation and higher concentration at the outlet of the device compared to other regions ( Figure 6D ). Taken together, these results support a biochemical gradient model of angiogenic growth factor accumulation that favors sprouting at the outlet region of the flow-directed microphysiological system. Clinically, the production of angiogenic factors such as VEGFA has been exploited to interrupt the ccRCC-endothelial cell axis and inhibit tumor growth. This has been achieved through antibodies that bind to VEGFA [10] or through small molecule inhibitors of its receptor VEGFR2 [8] . We therefore tested whether pharmacological angiogenesis blockade could be modeled in our microphysiological system. For these studies, we used a soluble recombinant VEGFR2-Fc chimera. Administration of this VEGF inhibitor into the media flowing through the central lumen effectively blocked ccRCC-induced sprouting (Figure 7) . Thus, this microphysiological system provides a suitable platform to test the effects of novel antiangiogenesis agents on the complex 3D morphology of endothelial cell sprouting in response to tumor-derived growth factors.
Pharmacological Blockade of ccRCC-Induced HUVEC Sprouting
Discussion
There is increasing interest in novel preclinical models of human tumors that more efficiently reconstitute the in vivo phenotype and key cell-cell interactions [32] [33] [34] . Recent advances in 3D microfluidic human tumor platforms have enabled the study of microenvironmental influences on properties such as tumor cell migration and T-cell homing and cytotoxicity [36, 37] , while vascularized, perfusable 3D tumor models have permitted efficient examination of tumor cell chemosensitivity and extravasation [38] [39] [40] [41] . While 3D in vitro models have been developed to study tumor-induced angiogenesis, progress to date has been limited to cell lines [42] [43] [44] [45] [46] [47] . To our knowledge, we have developed the first vascularized, 3D, flow-directed culture system for primary human tumor cells that faithfully recapitulates tumor-induced angiogenesis. This tractable platform is easily adaptable to a standard tissue culture laboratory and provides a physiologically relevant alternative to artifact-prone tumor cell lines and more expensive and time-consuming transgenic mouse models and xenograft systems.
A key feature of our platform is tunability with respect to cellular components and extracellular matrix materials utilized. In these initial studies, we established the intrinsic potential of primary tumor cells to stimulate angiogenic sprouting of HUVECs. The use of primary tumor cells allows for parallel use of primary tubule cell cultures derived from the same patient as an isogenic control. Based on our own findings and those from the recent ccRCC-only organoid model [12] , expression of key ccRCC biomarkers is enhanced in 3D cultures compared to 2D monolayers. Our system will also permit study of intratumoral heterogeneity [48] by generating primary tumor cultures from different anatomic regions of the tumor and from metastatic sites. We also plan to use this efficient platform to study mechanisms of transformation using genome engineering to introduce canonical ccRCC mutations (VHL, BAP1, SETD2, PBRM1) sequentially/simultaneously into primary tubule cells and assessing the angiogenic sprouting response of endothelial cells.
Perhaps most exciting is the suitability of this ccRCC microphysiological system to study mechanisms of action of novel pharmaceutics. In this study, we demonstrated the feasibility of blocking angiogenesis by delivering VEGFR2-Fc via the central lumen of the chip device. This platform is well suited to testing of additional antiangiogenesis agents but could also be utilized to test agents that block tumor cell proliferation and survival. Since constitutive HIF activation in ccRCC results in the production of numerous angiogenic factors, blockade of upstream HIF transcriptional activity itself may provide a more robust and durable blockade of angiogenesis. Encouragingly, novel HIF2 antagonists have been shown to disrupt ccRCC growth in a patient-derived xenograft model, but this effect was limited to only half of patient tumors tested [19] . Therefore, future studies are directed at testing whether the presently developed 3D culture model of ccRCC can be used to provide a more rapid and cost-efficient method of determining patient-specific responsiveness to emerging antiangiogenesis agents. As a fully in vitro system requiring relatively small numbers of input cells for reconstitution, this system presents an attractive alternative for personalized preclinical pharmaceutical testing.
Our system is not without limitations, chief of which is the absence of patient-derived microvascular endothelial cells derived from the kidney. Importantly, microvascular endothelial cells are known to exhibit tissue-specific molecular heterogeneity [49, 50] . While HUVEC vessels (which are derived from large vessels and exhibit some lot-specific variability) were sufficient to demonstrate that ccRCC cells produce functional angiogenic signals in the chip, it is more likely that organotypic endothelial cells will be needed to identify therapies that will be clinically efficacious and to accurately model the ccRCC microenvironment for mechanistic studies. Therefore, future iterations will investigate the use of primary microvascular endothelial cells isolated from tumor versus normal-adjacent kidney tissue. We recently reported the isolation and culture of normal human peritubular kidney microvascular endothelial cells (HKMEC) and demonstrated their nonangiogenic phenotype, a property which may contribute to the loss of capillaries that is universal to acute kidney injury [51] . We are presently optimizing methods for isolating HKMEC from primary tumors (t-HKMEC), and it will be of interest to compare the ability of patient-matched t-HKMEC versus HKMEC to sprout in the ccRCC-on-a-chip.
Another limitation is the current need for primary culture/limited expansion of primary tumor cells prior to seeding of the device. This may potentially bias our findings in favor of tumor cells that can temporarily adapt to 2D monolayer culture. One possible workaround we are exploring is isolation of sufficient tumor cells at the time of nephrectomy followed by direct seeding of the chips for study. A third limitation is the presence of only two cell types (tumor and vascular endothelial cells) in our model, which belies the true cellular complexity of the tumor environment in vivo. However, since the chip is flexible in terms of cellular and matrix components and even in terms of relative cell positioning (i.e., within the matrix or lining the central lumen), incorporation of additional cellular components can be explored. These might include stromal cells or perivascular endothelial cells incorporated into the matrix together with tumor cells. Another important cell type to incorporate will be immune cells such as receptor-engineered T cells specific for RCC antigens [52] to explore if they can traverse the vascular barrier to home to and destroy tumor clusters within the chip matrix. Future studies could also test an alternative extracellular matrix such as decellularized human kidney extracellular matrix [12] . Lastly, while we have initially focused our efforts on the clear cell variant of RCC, study of other RCC subtypes and other solid tumor types is possible.
Conclusions
In summary, we have developed the first vascularized, microphysiological biomimetic of ccRCC which retains the prominent angiogenic features of the tumor type. The system enables rapid morphological and pharmacologic studies using primary tumor samples, opening the door to personalization of drug selection for postoperative therapies. Its customizable design will permit mechanistic studies on tumorigenesis and incorporation of additional cell types. We envision that this efficient alternative to existing preclinical models will accelerate drug discovery and progress towards personalized therapies for ccRCC.
Supplementary data to this article can be found online at https:// doi.org/10.1016/j.neo.2018.02.011. Figure 5 . Primary ccRCC cells but not normal-adjacent renal cortex-derived cells induce HUVEC sprouting in a flow-directed 3D microphysiological system. (A-F) Confocal z-stack projections (400-μm total thickness) of vessels formed from HUVECs in the presence of collagen only, collagen containing clusters of normal-adjacent renal cortex cells (normal), or ccRCC cells (tumor). HUVECs are labeled with the endothelial marker CD31, and the normal and tumor cells are labeled with the epithelial cell marker EPCAM. The white arrow represents the direction of flow through the lumen, which is in the same direction in all panels. Flow was maintained for 5 days. Scale bar, 100 μm. The enlarged inset in panel A is 100 μm wide. (G) 3D surface rendering of tumor-induced sprouting in a chip exposed to flow for 7 days. Each line in the grid of boxes represents 100 μm. (H) Quantification of the region containing sprouting from HUVEC vessels grown in the presence of collagen only (−), normal-adjacent renal cortex (N), or ccRCC tumor cells (T). The number of chips for which confocal staining and quantification were performed for each condition is shown below the graph. Error bars are the average deviation. The P value is b .01 for the comparison of sprouting between tumor versus normal across all patients. Figure 6 . ccRCC-induced sprouting primarily at the outlet region of the Nortis 3D device is consistent with COMSOL modeling. (A) Bright-field micrographs of HUVEC vessels (day 5) at the inlet, middle, and outlet regions of chips containing tumor clusters formed from ccRCC cultures. (B) Confocal cross-section of HUVEC vessel at the inlet versus outlet region of a chip containing tumor clusters from patient B46 (day 7). (C) Confocal volume projections (300-μm total thickness) at the outlet and inlet regions of chips that were reimaged at 20× zoom (compare to original 10× imaging of the same chips in Figures 5 and 7) . The dotted line indicates the position of the orthogonal view shown below each volume projection. Scale bar, 100 μm. (D) COMSOL multiphysics model of flow dynamics demonstrating an angiogenic growth factor concentration gradient favoring sprouting closer to the outlet region of the Nortis 3D device. 
